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Nowadays,  leakage  current  and  inverter  losses,  produced  by  adjustable-speed  AC  drive  systems  become 
one  of  the  main  interested  subject  for  researchers  on  Electric  Vehicle  (EV)  and  Hybrid  Electric  Vehicle 
(HEV)  technology.  The  continuous  advancements  in  solid  state  device  engineering  have  considerably 
minimized  the  switching  transients  for  power  switches  but  the  high  dv/dt  and  high  switching  frequency 
have  caused  many  adverse  effects  such  as  shaft  voltage,  bearing  current,  leakage  current  and  electro¬ 
magnetic  interference  (EMI).  The  major  objective  of  this  paper  is  to  investigate  and  suppress  of  the 
adverse  effects  of  a  PWM  inverter  feeding  AC  motor  in  EV  and  HEV.  A  technique  to  simultaneously  reduce 
the  leakage  current  and  the  switching  losses  is  presented  in  this  paper.  Based  on  a  discontinuous  space 
vector  pulse  width  modulation  (DSVPWM)  and  a  modular  switches  gate  resistance,  inverter  losses  and 
leakage  current  are  reduced.  Algorithms  are  presented  and  implemented  on  a  DSP  controller  and 
experimental  results  are  presented. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

For  Electric  Vehicle  (EV)  and  Hybrid  Electric  Vehicle  (HEV) 
drive-train,  the  inverter  controls  the  electric  motor,  this  is  a  key 
component  in  the  vehicle  as  it  determines  driving  behaviour.  The 
inverter  is  often  controlled  by  Pulse  Width  Modulation  (PWM) 
strategies  which  should  be  designed  to  reduce  switching  losses, 
leakage  current  and  maximize  thermal  efficiency.  On  the  other 
hand,  the  inverter  captures  energy  released  through  regenerative 
breaking  and  feeds  this  back  to  the  battery.  As  a  result,  the  range  of 
the  vehicle  is  directly  related  to  the  efficiency  of  the  inverter. 

When  EV/HEV  motor  drives  operate  in  high  output  torque  re¬ 
gion,  the  loss  and  thermal  robustness  of  inverters  are  an  important 
concerns.  Further  considering  the  power  density  and  cost  targets  of 
EV/HEV,  it  is  crucial  to  reduce  the  inverter  switching  loss  when  the 
output  electric  current  is  large  (Fig.  1). 
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Among  the  disadvantages  of  Electric  Vehicles  (EV)  is  their  weak 
autonomy,  whereas  for  Hybrid  Electric  Vehicles  (HEV)  it  is  the 
limited  space  under  the  hood  for  another  drive  train;  to  improve 
the  autonomy,  the  battery  energy  should  be  used  efficiently,  on  the 
other  hand  lower  losses  would  need  a  smaller  and  lighter  cooling 
system.  In  hard  switched  power  converters  the  switching  losses  are 
significantly  high,  and  often  represent  the  bulk  of  the  inverter 
losses.  The  greater  the  switching  losses,  the  greater  the  need  for 
cooling  the  power  switches.  Whereas  pulse  width  modulated 
converters  have  carrier  and  sideband  harmonics  which  is  source  of 
electromagnetic  pollution  which  can  be  divided  into  two  cate¬ 
gories,  common  mode  and  differential  mode  noise  [1,2]. 

Space  Vector  PWM  is  a  digital  Power  Converter  modulation 
technique  where  the  duty  cycle  of  inverter  switches  are  calculated 
directly  using  mathematical  transformations  based  on  complex 
representation  of  inverter  voltages.  SVM  was  chosen  over  ordinary 
PWM  techniques  for  the  following  reasons:  better  DC  voltage  uti¬ 
lization  [3]  and  decreased  switching  losses.  Reduced  switching 
losses  can  be  explained  by  the  freedom  that  one  has  in  generating 
the  pulses  when  the  duty  cycles  are  known  before  hand  [3,4].  The 
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Fig.  1.  Switching  losses  reduction  according  to  torque/speed  characteristic  for  EV/HEV 
application. 

idea  is  to  use  the  zero  vectors  (passive  vectors)  in  a  way  to  avoid 
voltage  commutations  when  it  matters  the  most. 

Another  weakness  of  EV  and  HEV  drive  train,  is  the  Electro- 
Magnetic  Interference  (EMI)  aspect  which  is  rarely  taken  into  ac¬ 
count  at  the  conception  of  electric  drives  which  increases  the  cost 
and  time  to  market  of  the  drive  train  due  the  tedious  and  tiresome 
process  of  EMI  suppression  [5].  The  problem  of  common  mode 
current  or  leakage  current  arises  due  to  the  parasitic  capacitive 
coupling  between  the  stator  winding  and  the  stator  frame  (Fig.  2) 
along  with  high  rate  of  change  of  voltage  ‘dv/dt’  in  the  windings 
giving  path  to  non  negligible  common-mode  currents  (5  A)  for 
switching  transients  of  200  ns  for  DC  link  voltages  as  low  as  200  V. 
The  recent  trend  of  using  high  speed  switches  has  only  worsened 


Fig.  2.  High  frequency  representation  of  an  electric  drive. 


the  situation  and  has  created  the  need  for  an  EM  filter  to  eliminate 
this  noise  from  the  electric  drive.  In  this  paper,  we  present  a 
technique  for  reducing  the  leakage  current  as  well  as  the  switching 
losses. 

Some  researchers  have  provided  different  solutions  for  these 
problems;  some  of  them  concerning  passive  and  active  EMI  filters 
have  focused  on  eliminating  high  frequency  leakage  current,  shaft 
voltage  and  bearing  current.  Other  solutions  are  based  on  motor 
design  and  variable  switching  frequency  PWM  strategies.  In  Ref. 
[6],  based  on  the  analytical  expression  of  current  ripple  of  common 
three-phase  inverter  fed  by  constant  DC-link  voltage  source,  vari¬ 
able  switching  frequency  PWM  methods  were  proposed  to  effec¬ 
tively  reduce  the  switching  losses  and/or  the  conducted  EMI  noise. 
Ref.  [7]  proposes  a  method  for  suppressing  shaft  voltage  by  modi¬ 
fying  the  shape  of  the  rotor  and  the  permanent  magnets;  in  order  to 
minimize  shaft  voltage,  a  magnet  rearrangement  and  rotor  re¬ 
structuring  of  the  motor  are  designed.  Ref.  [8]  proposes  a  passive 
cancellation  method  for  the  purpose  of  elimination  the  adverse 
effects  of  PWM  inverter  in  electrical  machine  system.  This  method 
is  based  on  a  two  small  passive  EMI  filters  which  can  compensate 
for  common  mode  voltage  produced  by  PWM  inverter  and  leakage 
current.  These  methods  can  effectively  reduce  the  inverter  and 
motor  leakage  current,  the  switching  losses  or  system  noise. 
However,  these  methods  are  not  fit  for  EV  and  HEV  applications 
seen  on  the  more  weight,  volume  and  cost  they  introduce.  It  is  more 
preferable  to  reduce  both  the  inverter-motor  leakage  current, 
switching  losses  and  the  system  noise  by  improving  the  PWM 
strategy  and  power  components  (IGBT)  commutations.  Taking  the 
EV  and  HEV  application  into  account,  this  paper  proposes  two  so¬ 
lutions  based  on  an  improved  PWM  strategy  and  a  technique  to 
control  commutation  dynamic,  which  helps  to  reduce  both  the 
inverter  switching  loss  and  system  leakage  current. 

This  paper  includes  six  parts.  First  part  gives  introduction.  Sec¬ 
ond  part  gives  the  high  frequency  behaviour  of  the  drive  system. 
Third  part  gives  the  proposed  solutions  to  reduce  switching  losses 
and  leakage  current.  Part  4  gives  the  experimental  setup  and  results 
for  a  two  level  IGBT  inverter  feeding  a  15  kW  permanent  magnet 
synchronous  motor  (PMSM)  and  finally  the  conclusion  and  refer¬ 
ences  are  given  in  part  5  and  6  respectively. 

2.  High  frequency  behaviour 

Numerous  papers  have  been  published  by  electric  drive-train 
manufacturers  in  the  last  several  years  that  attempt  to  under¬ 
stand  the  causes  of  shaft  voltage  in  motors  and  to  find  a  solution  to 
eliminate  electrical  bearing  damage.  Shaft  voltage  and  current  flow 
thru  motor  bearings  represent  a  significant  part  of  electric  drive 
train  problems  when  operating  under  Voltage  Source  Inverter  (VSI) 
controlled  with  classical  PWM  techniques. 

The  shaft  voltage  magnitude  measured  is  commonly  used  as  an 
indicator  of  the  possible  bearing  current  that  results.  It  is  the 
magnitude  and  passage  of  electrical  current  thru  the  bearing  that 
results  in  a  mechanical  damage. 
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Fig.  4.  Leakage  current  (top),  la  and  VaO. 


Shaft  voltage  is  proportional  to  the  common  mode  voltage. 
Analysing  the  high  frequency  circuit  a  representative  electric  circuit 
can  be  drawn  (Fig.  3). 

From  Fig.  3  we  get  Equation  (1)  which  shows  that  linear  and 
proportional  relationship  of  shaft  voltage  and  common  mode 
voltage  (Vcm). 


^Shaft  — 


''CM 


(1) 


The  suffix  w,  r  and  s  correspond  to  stator-winding,  rotor  and 
stator-frame  respectively.  This  shaft  voltage  can  induce  currents 
between  the  stator  connected  to  earth  and  the  rotor  through  the 
ball  bearings.  The  electric  drive  topology  is  a  very  important  factor 
that  needs  to  be  taken  into  consideration  to  understand  how  it 
affects  the  generation  of  Vcm- 


gives  the  number  of  voltage  commutations  for  line  voltage,  for  e.g. 
pulses  placed  at  the  extremes  of  the  modulation  period  the  line 
voltage  have  the  same  number  of  voltage  commutations  as  the 
phase  voltage  while  for  pulses  placed  around  the  centre  of  the 
modulation  period  give  twice  as  many  voltage  commutations  as  the 
phase  voltage  whereas  the  type  of  modulation  technique  could 
alter  the  effective  modulation  frequency  such  as  in  the  case  of 
DPWM  techniques. 

These  trends  are  demonstrated  by  laboratory  tests  when  using 
classical  modulation  technique;  natural  PWM  and  without  con¬ 
trolling  the  IGBT  commutation  speed  (by  modular  gate  driver 
resistance).  Results  are  presented  in  Fig.  4  in  which  the  curves  in 
green  (in  the  web  version)  and  navy  blue  are  the  phase  voltage  and 
phase  current  respectively  while  the  turquoise  curve  is  the  leakage 
current  as  observed  on  the  test  bench. 


2.1.  Leakage  current 


2.2.  Switching  losses 


A  PWM  inverter  feeding  an  AC  motor  often  has  a  problem  with  a 
leakage  current  that  flows  through  the  distributed  electrostatic 
capacitance  from  the  motor  windings  to  the  ground.  A  high  fre¬ 
quency  model  of  an  electrical  machine  shows  a  parasitic  capacitive 
coupling  between  the  stator  end  windings  and  the  stator  body  [9]. 
Since  the  stator  is  connected  to  the  protective  earth  and  the  current 
leaks  into  the  earth,  this  is  also  called  common  mode  current  [4,10], 
this  is  the  main  cause  of  the  radiated  noise  due  to  the  voltage 
source  inverter  commutations  and  coupling  elements  [11—13].  The 
expression  for  the  leakage  current  is  given  by  Equation  (2)  where 
Q/vs  is  about  a  few  nano-farads  for  well  constructed  machine  while 
‘dv/dt’  is  about  5  GV  s-1. 

J  — 

'leakage  —  Cwsdt  ^ 


In  voltage  source  inverters,  the  phase  voltage  generated  has  only 
two  levels  Vdc/2  and  -Vdc/2  with  respect  to  the  DC  mid  point  and 
since  they  both  have  the  same  absolute  value  it  becomes  a  constant 
while  calculating  the  switching  losses  [14,15].  Flence  the  only  var¬ 
iable  is  the  phase  current.  Equation  (3)  gives  the  switching  losses 
over  the  fundamental  period  for  a  phase. 


pon  =  J  |j(t)|dt 


(3) 


The  density  of  the  leakage  current  depends  on  the  modulation 
frequency  Fpwm,  pulse  positioning  technique  and  the  modulation 
technique  used.  The  modulation  frequency  determines  how 
frequently  the  voltage  commutations  occur,  the  pulse  positioning 


IGBT  special  case:  we  seldom  take  into  account  the  effect  of  out  of 
phase  currents  (lagging  or  leading)  which  necessitate  the  Free 
Wheeling  Diodes  (FWD)  to  conduct  for  several  commutation  pe¬ 
riods  when  the  phase  voltage  and  currents  are  of  opposite  polarity 


E.H.  Miliani  /  Journal  of  Power  Sources  255  (2014)  266-273 


269 


V>0,  i<0  V<0,  i>0 


Fig.  5.  Free  wheeling  diodes  and  out  of  phase  currents. 

as  IGBTs  block  reverse  current  (unlike  MOSFET).  This  means  there 
are  less  commutation  losses  during  this  period  because  modern 
FWD  such  as  fast  recovery  diodes  [16],  SisC  and  Schottky  diodes, 
[17]  have  very  low  reverse  recovery  current  and  lower  reverse 
current  peak.  The  switching  losses  are  much  higher  in  IGBTs  than  in 
the  FWDs.  In  this  paper,  we  use  this  phenomena  to  our  advantage 
i.e.  slow  down  the  switching  speed  of  the  IGBT  to  reduce  ‘dv/d t 
considerably  and  in  turn  common  mode  current  and  electromag¬ 
netic  interference  (EMI)  associated  to  it,  with  little  effect  on  the 
switching  losses. 

Fig.  5  shows  that  the  diodes  not  only  conduct  when  the  switches 
are  open  but  also  when  the  current  is  of  the  opposite  polarity  for 
load  angle  <p.  There  are  two  zones  shown  on  the  figure  by  red  (in  the 
web  version)  and  blue  rectangles  which  correspond  to  the  con¬ 
duction  of  one  of  the  free  wheeling  diodes  for  the  negative  and 
positive  currents  shown  by  red  and  blue  arrows  respectively.  Flence 
there  are  no  switching  losses  in  the  IGBTs  in  these  regions  but  only 
in  the  FWD  which  is  comparatively  low. 

3.  Discontinuous  space  vector  PWM  and  modular  gate 
resistance 

Discontinuous  modulation  techniques  or  DPWM  [18]  are  the 
modulation  techniques  valid  for  poly-phase  loads  with  a  floating 
neutral  i.e.  not  tied  to  the  ground.  The  principle  of  such  techniques 


is  to  focus  on  the  line  voltages  rather  then  phase  voltages  as  it  is  the 
potential  difference  between  the  phases  that  matters  finally.  In  this 
section  we  have  used  an  evolving  (scalable)  discontinuous  modu¬ 
lation  technique  with  variable  switching  transients  keeping  in 
mind  the  continuous  conduction  period  of  anti-parallel  diodes  as 
explained  in  the  previous  section. 

3.1.  Discontinuous  space  vector  PWM 

DSVM  (Discontinuous  SVM)  refers  to  the  modulation  techniques 
that  use  space  vector  calculation  of  the  active  vectors  to  be  applied 


Fig.  7.  Algorithm  DSVM. 


SVM  Switching  fuction  using  only  vector  0 


Fig.  6.  SVM:  switching  function  leg  A. 
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Fig.  8.  DSVM:  phase  current  la  and  modulation  function  for  same  phase. 


and  their  duty  cycles.  However  the  completion  of  the  period  using 
the  zero  vectors  or  the  sequence  of  application  of  the  vectors 
changes  to  achieve  voltage  clamping  essentially  done  to  decrease 
the  switching  losses.  The  most  basic  DSVM  technique  could  be 
achieved  using  only  one  of  the  two  zero  vectors  at  a  time  which 
would  be  analogous  to  DPWMMIN  and  DPWMMAX  if  Vo  or  V7  is 
used  respectively. 

The  zero  sequence  voltage  to  be  injected  to  the  voltage  reference 
for  a  Generalized  Discontinuous  Modulator  (GDPWM)  for 
DPWMMIN  and  DPWMMAX  is  given  by  Equations  (4)  and  (5). 

Uo  =  -^r  "  ‘'min  (4) 


Fig.  8  shows  the  phase  current  and  modulation  function,  it  can 
be  noticed  how  the  modulation  function  adapts  itself  to  avoid 
switching  where  it  would  matter  the  most  i.e.  at  high  currents  as 
explained  above.  A  different  dead  time  correction  algorithm  is  used 
with  this  technique  since  there  are  fewer  commutations  and 
different  turn  ON  and  OFF  times.  The  duty  cycles  are  re-adjusted  to 
compensate  for  the  slower  commutations.  For  extreme  values 
(around  0%  or  100%)  of  duty  cycle  there  is  a  less  margin  for  the 
compensation  hence  lesser  liberty  to  slow  down  the  switching 
without  deforming  the  output  voltage. 

Fig.  9  shows  theoretical  results  obtained  on  reduction  in  the 
switching  losses,  the  leakage  current  magnitude  and  its  density  for 
a  modulation  index  of  0.907.  The  drop  in  the  Ij  reduction  around  60° 
(6,  not  <p)  is  due  to  the  presence  of  the  third  harmonic  component  in 
the  phase  voltage.  Only  the  first  quadrant  is  shown  as  the  curve  is 
symmetric  about  <p  =  90°. 


where  umin  =  min(v*a,v*b,v*c)  and  ymax  =  ma x(v*a,v*b,v*c). 

The  modulation  function  for  SVM  and  DSVMMIN  is  shown  in 

Fig.  6. 

A  simple  yet  very  effective  algorithm  shown  in  Fig.  7  is  devel¬ 
oped  to  reduce  the  switching  losses  as  much  as  possible  using  the 
boundary  conditions  represented  by  Equation  (6)  to  clamp  a  given 
inverter  leg  under  balanced  conditions.  The  algorithm  takes  into 
account  the  load  imbalance  as  well.  If  there  is  a  load  imbalance,  one 
of  the  phases  will  have  currents  of  higher  amplitude  flowing 
through  it  than  the  other  phases  and  hence  higher  switching  losses 
and  higher  thermal  stress  on  the  switches  of  that  particular  inverter 
leg  which  could  lead  to  a  failure,  Scalable  DSVM  can  avoid  such 
failures  by  non  uniform  clamping  which  would  mean  an  inverter 
leg  will  rest  idle  for  a  longer  duration  than  the  other  legs. 

r  x,(g<wt<f+g) 

7a_damping  =  <  Or 

(g  +  7T<Wt<^  +  g  +  7T) 


3.2.  Modular  gate  resistance 

A  controllable  gate  resistor  is  used  which  is  varied  to  control  the 
switch  ON  and  OFF  time  of  the  IGBTs.  Unlike  the  existing  methods, 


xe  [0,^] 


Fig.  9.  Switching  losses,  leakage  current  magnitude  and  density  reduction. 
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Fig.  13.  Test  bench. 

fastest  commutation  times  all  the  switches  should  be  open  and  the 
switch  S3  closed  respectively. 

3.3.  Drawbacks 


vc — n 


Fig.  11.  Line  voltage  wave  form  for  SVM  and  DSVM. 


in  this  study  a  higher  value  of  Rq  is  used  when  the  anti-parallel 
diodes  conduct  or  when  currents  are  around  zero  hence  the 
leakage  current  is  not  reduced  at  the  cost  of  increased  switching 
losses  in  the  IGBTs. 

Fig.  10  shows  the  implementation  scheme  of  the  variable  gate 
resistor  to  be  placed  at  the  output  of  the  IGBT  driver.  This  would 
lead  to  8  different  configurations  and  5  different  values  (0,  Rf\ |i?2|  \Ri, 
i^f| |f^2>  Rf\\Ri,  Rf)  of  the  equivalent  resistance.  The  slowest  and  the 


DSVM  has  an  indirect  impact  on  the  quality  of  the  line  voltages. 
The  effective  line  voltage  modulation  frequency  is  twice  that  for 
standard  SVM  with  centred  pulse.  It  can  be  seen  in  Fig.  11  that  the 
line  voltages  have  2  pulses  per  PWM  period  for  standard  SVM  and 
only  one  pulse  for  two  of  the  line  voltages  for  DSVM,  where  only 
one  zero  vector  (Vo)  is  used.  It  is  clear  that  the  volt-seconds  for  the 
line  voltages  are  equal  in  both  the  cases.  This  makes  the  effective 
modulation  frequency  smaller  by  33.3%  for  DSVM.  This  increases 
the  current  ripple  and  in  turn  the  torque  ripple. 

The  ability  to  slow  down  the  switching  speed  using  this  algo¬ 
rithm  without  significantly  increasing  the  switching  losses  depends 
on  the  load  angle  so  the  higher  the  load  angle  the  higher  the  liberty 
to  reduce  the  leakage  current.  Flence  this  technique  is  dependent 
on  the  load  angle. 

3.4.  Dead  time 

For  DSVM,  an  inverter  leg  stays  in  the  same  state  for  several 
modulation  periods  and  therefore  no  dead  time  effect  would  be 


Control  Unit 


Fig.  12.  Power  and  control  units. 
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observed  for  that  leg  and  no  correction  is  required.  Moreover  the 
inverter  nonlinearities  for  extreme  values  of  duty  cycles  are  also 
reduced,  for  e.g  for  a  modulation  frequency  of  20  kHz  and  a  dead 
time  of  1  |is  duty  cycles  smaller  than  2%  and  greater  than  98%  are  as 
good  as  0%  and  100%  respectively.  Thus,  for  the  clamped  phase  no 
compensation  is  required,  so  standard  compensation  techniques 
that  adjust  the  voltage  of  the  phase  according  to  the  sign  of  the 
phase  currents  through  out  the  period  cannot  be  used.  The  low 
frequency  distortion  of  the  phase  voltage  is  alleviated  to  some 
extent  for  discontinuous  modulation  techniques. 

4.  Experimental  setup  and  results 

The  test  bench  consists  of  two  electric  motors  mechanically 
coupled  fed  by  two  different  inverters  controlled  independently. 
One  electric  drive  emulates  a  variable  load  to  perform  different 
driving  cycles  and  the  other  drive  is  the  system  under  observation 
which  consists  of  a  15  kW,  3-phase  2-level  IGBT  voltage  source 
inverter  (VSI)  works  on  400  V  DC  with  current,  voltage  and  tem¬ 
perature  sensors.  The  permanent  magnet  synchronous  motor 
(PMSM)  is  equipped  with  an  incremental  encoder  (4096  points)  for 
rotor  position  measurement.  The  VSI— PMSM  under  observation 
system  is  controlled  by  a  150  MHz  Floating-Point  DSP 
“TMS320F28335”  from  Texas  Instruments.  Necessary  signal  con¬ 
ditioning  components  are  used  to  ensure  high  processing  speed 
and  precision  in  the  overall  control  system.  Fig.  12  shows  the  power 
and  control  units  of  the  experimental  system. 

In  order  to  meet  the  requirements  of  our  application,  the  DSP 
needs  to  be  well  initialized  (initialization  and  configuration,  syn¬ 
chronization  between  PWM  and  ADC  module).  Based  on  the 
specifications  of  the  Field  Oriented  Control  (FOC)  and  the 


Table  1 

Losses  reduction,  experimental  results. 


Frequency  kHz 

%  Loss  reduction 

15 

12.98 

25 

20.75 

35 

22.85 

developed  DSVM  algorithms,  the  peripheral  unit’s  configuration 
are  set  to  the  suitable  operating  modes  [19,20]. 

The  objective  here  is  to  implement  DSVM  algorithm  which  is 
depicted  by  the  flowchart  of  Fig.  7.  This  flowchart  details  the  PWM 
update  after  obtaining  the  phase  voltages  references  from  the  Field 
Oriented  Control  (get  V*bc).  After  the  calculation  of  duty  cycles 
(dabc)  and  a  phase  clamping  according  to  the  measured  phases 
currents,  an  update  of  the  duty  cycles  is  done  to  scale  the  phase 
clamping  when  necessary.  Fig.  13  shows  the  laboratory  experi¬ 
mental  test  bench. 

Fig.  14  in  which  the  green  (in  the  web  version)  curve  is  the 
voltage,  navy  blue  curve  the  current  and  the  turquoise  curve  is  the 
leakage  current,  demonstrates  that  for  high  currents  the  voltage  is 
clamped  to  either  the  positive  or  the  negative  terminal  and 
therefore  discontinuities  are  clearly  visible  in  the  output  voltage 
curve.  The  leakage  current  density  is  now  very  sparse  compared  to 
the  results  obtained  using  a  standard  technique  shown  in  Fig.  4 
where  the  leakage  current  envelope  is  consistent  and  denser. 

Global  inverter  losses  are  calculated  measuring  the  power 
supplied  by  the  DC  link  and  comparing  it  with  the  power  at  the 
inverter  legs  for  the  proposed  and  the  standard  technique.  The 
losses  in  the  IGBT  drivers  are  not  taken  into  account.  Table  1  shows 
results  using  scalable  DSVM,  as  expected  at  higher  switching  fre¬ 
quencies  we  observe  an  increase  in  the  contrast  between  the  two 
techniques  in  terms  of  losses.  The  global  inverter  losses  are  further 
reduced  which  means  that  while  the  conduction  losses  remain 
constant  the  switching  losses  increase  with  increase  in  frequency. 
However,  it  should  be  noted  that  the  absolute  inverter  losses  in¬ 
crease  with  an  increase  in  the  switching  frequency. 

5.  Summary 

In  this  paper,  discontinuous  space  vector  PWM  strategy  and  a 
variable  gate  resistor  technique  are  proposed  for  EV/HEV  drive- 
train;  the  proposed  methods  can  effectively  reduce  the  inverter 
switching  loss  and  leakage  current.  Experimental  results  show  a 
decrease  in  global  inverter  losses  from  7.18%  to  5.69%  which 
translates  to  an  overall  reduction  of  inverter  losses  by  20.75%  for  a 
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switching  frequency  of  25  kHz.  Leakage  current  density  was 
reduced  by  33%  with  smaller  peaks  around  phase  current  zero 
crossing.  Since  the  electric  motor  is  a  dynamic  inductive  load,  the 
load  angle  y  varies  with  the  output  frequency  or  the  machine 
speed  and  determines  the  extent  to  which  the  switching  transients 
could  be  slowed  to  reduce  the  leakage  current  without  increasing 
the  switching  losses.  However  discontinuous  modulation  tech¬ 
niques  have  some  drawbacks  too,  so  in  the  end  a  compromise  has  to 
be  made  between  torque  ripple  and  switching  losses. 
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